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Abstract  
 
Wide ranges of studies were published in the last years in this subject area, presenting 
different aspects of the problem. 
This study tries to get answers to the problem of relation between the concentration of 
pigments and the growth rate under different light intensities, with a particular focus on 
chlorophyll and anthocyanins pigments. Also we are interested in seeing if the pigments 
concentration has an impact on the color of these two specific plants. 
Our findings are based on experimental work, basic techniques of mathematical modelling 
and knowledge from different materials that we have been reading through the semester. These 
findings provide information about the pigments as well as about the growth of two different 
plants, Myriophyllum aquaticum and Myriophyllum tuberculatum. 
These two plants were grown under different light intensities and were monitored 
regularly in a period of 27 days. From the first part of the experiment we could see that 
Myriophyllum tuberculatum is growing faster than Myriophylum aquaticum in that period. But 
their growth rates are related to different light intensities in a different way. The second part of 
the study was to find the implication of chlorophyll concentration and anthocyanins concentration, 
on the growth of the plants. The chlorophyll concentration in Myriophyllum aquaticum was 
clearly higher than the chlorophyll concentration in Myriophyllum tuberculatum. The results are 
showing that the chlorophyll concentration, which dominates the growth of the plants, is 
decreasing with the increase of the light intensity. But the speed of the decreasing is relevant to 
the protective function of anthocyanins. 
This paper didn’t get an accurate result as a quantitative conclusion, but we hope that this 
paper will be helpful for students and academic staff on relative investigation 
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1. Introduction 
Plants are important part of our life; they are the main chemical energy producer in the 
biosphere. Plants convert solar energy into chemical energy in the process of photosynthesis. This 
process can be generally described by the following chemical reaction: 
2612622 666 OOHCCOOH +⎯→⎯+ λ  
By photosynthesis plants obtain organic matter as their own food and gain energy for 
other processes involved in their life. These products of photosynthesis are the fundamentals for 
the sustenance of the plants, as they are essential for the plants to satisfy their needs. 
The growth rate of the plants is related to the photosynthetic activity of the plants; 
therefore, it is also affected by some factors that affect the photosynthesis process. The rate of 
photosynthesis is not constant. In fact, there are three main factors that may influence it. These 
factors are temperature, light intensity and concentration of carbon dioxide. Another factor that 
we think can influence the rate of photosynthesis directly or indirectly is the type and 
concentration of pigments of plants. There are also some factors that can influence the growth 
which are not related to the photosynthesis, for example the rate of respiration. 
In our project we would like to find out about the relation between some of these factors 
and their effects on the growth of plants. In particular we would like to investigate the effect of 
light on the growth of two plants with different contents of pigments. 
In order to do that we have chosen to carry out an experiment on two closely related 
aquatic plant species. One of them is called Myriophyllum aquaticum and the other one is called 
Myriophyllum tuberculatum. The biggest difference between the two plants, which is the only 
difference obvious to us, is their color. The M. aquaticum appears to have bright green color, 
while M. tuberculatum is brightly red. In fact we assume that it is related to the content of 
pigments of these plants.  
In our experiment we would like to grow these plants under different light intensities and 
then to compare the rates at which the plants are growing. The research question that we would 
like to answer is: What is the effect of different light intensities on the growth of 
Myriophyllum aquaticum and Myriophyllum tuberculatum with relation to their pigment 
contents?  
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2. Background 
In the next chapter of the report we would like to give some general information on the 
two plants and the optimal conditions required for their growth.  
2.1 M. aquaticum and M. tuberculatum 
Aristotle1 defined plants as living things without sensory organs and unable to move. 
Nowadays it is estimated that about 350,000 different plant species exist in the world. 287,655 
species had been identified by 2004 and 258,650 of them are flowering plants. 
[http://en.wikipedia.org/wiki/Plants] 
In our project we are going to make an experiment on two flowering plant species that use 
fresh water aquatic environment as their habitat. The scientific classification of these plants is 
represented in a table below. 
Table2. 1: Scientific classification of M. aquaticum and M. tuberculatum. 
[http://plants.usda.gov/java/profile?symbol=MYAQ2] 
Scientific name Myriophyllum aquaticum Myriophyllum tuberculatum
Kingdom Plantae Plantae 
Subkingdom  Tracheobionta Tracheobionta 
Superdivision Spermatophyta Spermatophyta 
Division Magnoliophyta Magnoliophyta 
Class Magnoliopsida Magnoliopsida 
Subclass Rosidae Rosidae 
Order Haloragales Haloragales 
Family Haloragaceae Haloragaceae 
Genus Myriophyllum L. Myriophyllum L. 
Species Myriophyllum aquaticum Myriophyllum tuberculatum
 
The modern classification of the organisms is made in a hierarchical system, based on 
taxonomy 2 . Each level of classification is based on structural, physiological and biological 
variations of the plants. If we have a look at the table from top to bottom, the characteristics of 
                                                 
1 An ancient Greek philosopher (384 BC – March 7, 322 BC).  
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the plants change from more general ones to the specific characteristics that make the plants more 
distinctive.  In fact, species name gives us the most specific information about the plant that can 
be found. Usually, the binomial system3 is used to give the names to the plants.  
In order to explain the general rules of taxonomy we have to look at the table from bottom 
to the top. Species of organisms that possess similar characteristics are grouped into a genus. In 
turn, genera that are similar are grouped into a family. Next, families that share some common 
similarities are grouped into an order. Likewise, orders with similar distinct characteristics are 
grouped into a class. Classes, in turn, are grouped into divisions, which in turn form five 
kingdoms of living organisms.  
Prokaryotae, Protoctista, Fungi, Plantae, and Animalia are the five kingdoms of organisms 
existing on the Earth. Organisms that carry out photosynthesis are classified in the Kingdom 
Plantae. All these organisms are commonly known as plants. 
In our investigation we are working with the plants that are classified in the Subkingdom 
Trachebionta, which is the class of vascular plants. These plants have specific tissues to conduct 
water in their organism. 
Next category of classification is Superdivision. From the table above we can clearly see 
that the Superdivision of M. aquticum and M. tuberculatum is Spermatophyta, which is a group 
of plants that reproduce by seeds. 
The Superdivisions of plants are classified into Divisions in taxonomy. Magnoliophyta is a 
characteristic Division of the flowering plants, also called angiosperms. Other distinct 
characteristics of flowering plants are the presence of leaves, stems, roots, and of conducting 
tissues. 
Magnoliopsida Class is the largest class of flowering plants. All the plants belonging to this 
Class, including Myriophyllum aquaticum and Myriophyllum tuberculatum, are known as 
dicotyledons, meaning that each seed of these plants contain two embryotic leaves.  
The Subclass of Myriophyllum aquaticum and Myriophyllum tuberculatum is Rosidae. The 
special features of the plants that belong to this Subclass are presence of tees and herbs with 
polypetalous flowers.  
                                                                                                                                                              
2 Taxonomy refers to the scientific classification scheme and to the principles underlying this classification. 
3 Two names are used to refer to each plant. The first and the second names are the genus and species 
names respectively. 
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Next, the plants that we are investigating in our project are classified into Order Haloragale 
and then into Family Haloragaceae. The distinct characteristic of plants belonging to this family 
is their fine, whorled and alternate leaves.  
Family Haloragaceae includes 8 genera; 5 of them are aquatics. The Genus mane of the two 
plants that we are using in our investigation is Myriophyllum L. This is a genus that contains 
freshwater aquatic plants.  
What is more, the Genus Myriophyllum includes about 45 different aquatic plant species 
and the species aquaticum and teberculatum in particular. The name of the genus comes from 
Greek. The first part of the name “Myri” means “too many to count” and the second part “phill” 
means “leaf”, [http://en.wikipedia.org/wiki/Water_milfoil]. Thus, the genus name of the plants 
tells us that both species have many leaves. It also explains the common name of the plants, 
namely “water milfoil”. The other common name of the plants is “parrot feather”. This name is 
not only telling us about the special appearance and distribution of the leaves, but also about their 
bright colors. As it has already been mentioned in the introduction the only visual difference 
between the two plants that we are going to investigate is their color. Besides the color of the 
plants, it is impossible to distinguish between the two species by only looking at them. Both 
plants have the same feather-like emergent leaves arranged in 4-6 whorls around a long brownish 
stem and rhizomes4 in the water. They may also have small flowers with four petals. The leaves 
of the plants are only present near the surface of the water, while the flowers are formed above it. 
[http://www.ecy.wa.gov/programs/wq/plants/weeds/parrot.html, 
http://en.wikipedia.org/wiki/Water_milfoil] 
Figure 2.1 shows M. aquaticum on the left and M. tuberculatum on the right.  
Figure 2.1: M. aquaticum and M. tuberculatum 
 
                                                 
4 Rhizomes are stems which can send out roots. 
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However, even though the plants have many visual similarities, their demands of 
environmental conditions are not the same. That may be explained by the fact that these two plant 
species are found in different parts of the world. Table 2.2 shows us the demands for 
environmental conditions of M. aquaticum and M. tuberculatum. These conditions have been 
estimated by a Danish company that sells tropical plants, and M. tuberculatum and M. aquaticum 
in particular, to many different parts of the world. Since we cannot run a preparation experiment 
in order to check these parameters by ourselves, we will have to relay on the data given by the 
company, and on their experience.    
Table 2.2: Features of M. aquaticum and M. tuberculatum. 
[http://www.tropica.com/go.asp?plant=037&languageguid=DA] 
Scientific name Myriophyllum aquaticum Myriophyllum tuberculatum 
Continent America Asia 
Region South America South-east Asia 
Height 40 and more cm 40 an more cm 
Width 5-8 cm 5-8 cm 
Light required High-very high Very high 
Temperature 10-29 degrees Celsius 18-29 degrees Celsius 
Hardness tolerance Soft-very hard Soft-hard 
pH tolerance 5.5-9 5-7 
Growth Fast Fast 
Demands Difficult Very difficult 
 
As it can be seen from the table, the two plants have different demands for ecological 
conditions. We think that the reason for that may be enclosed in the fact that even thought the 
plants are very similar in outward appearance; they still have many differences from within. What 
is very important to us here is that the two plant species have different content of pigments in 
their cells. We think that it might also supply the explanation to the different color of the plants. 
In the next chapter of the report we are going to look at that particular difference in the plants 
more closely. 
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2.2 Pigments in plants 
Pigments are chemical compounds that have selective absorption of wavelengths of 
visible light. This makes them appear "colorful". Flowers, corals, and even animal skin contain 
pigments, which give them their colors.  
The plant pigments can be classified in four big groups: 
1. Chlorophylls: represented by chlorophyll and it is present in all photosynthetic plants. 
2. Carotenoids: represented by carotens, present in photosynthetic plants and in some bacteria. 
3. Betalains: with the most common betacyanins, present in some fungi. 
4.  Flavonoids represented by anthocyanins, flavonols, and some others pigments. They can be 
seen in some common plants, which belong to the angiosperms, gymnosperms and other 
deviations.   
In plants, algae, and cyanobacteria, pigments are the systems by which the sunlight energy 
is captured and used in order to carry out the different functions of pigments. But because each 
pigment absorbs only a small range of the spectrum, it may be necessary for the plant to produce 
more than one kind of pigment, each of a different color, in order to capture more of the sun 
energy. For that reason we would expect to find several pigments in both M. aquaticum and M. 
tuberculatum. Actually the two types of pigments that we think would constitute the major part in 
the pigment contents of both plants species are chlorophyll and anthocyanin. For that reason we 
are going to have a closer look at these pigments in our report. First we would like to have a look 
at the chlorophyll.  
 
2.2.1 Chlorophyll 
Chlorophyll is the most important and most common pigment in nature. It is a green 
pigment, meaning that it reflects the green light of the visual part of the spectrum. This particular 
pigment is found in the chloroplasts of the leaves in plants and it plays an important role in the 
photosynthesis.  
There are two types of chlorophyll, chlorophyll a and chlorophyll b. These two 
chlorophyll molecules do not differ very much from each other in their structure. The difference 
in them is that in the structure of chlorophyll a there is a methyl group (CH3) and in the structure 
of chlorophyll b there is a formaldehyde group (CHO). Figures 2.2 and 2.3 show us the structures 
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of chlorophyll a and b respectively. Because of the two different chemical groups in their 
structures, chlorophyll a and chlorophyll b can absorb the light of different wavelength. 
Figure2.2: Structure of chlorophyll a 
[www.physics.uoguelph.ca/~pgarrett/Teaching.html, Lecture 21] 
 
Figure2.3: Structure of chlorophyll b [www.physics.uoguelph.ca/~pgarrett/Teaching.html, Lecture 21]  
 
Plants can get all their energy from the blue and red parts of the spectrum, but between 
500-600nm, just a very small quantity of light is absorbed. This light is in the green region of the 
spectrum and neither chlorophyll a, nor chlorophyll b can absorb it. As a result, the green light is 
reflected at the surface of the plants and that gives them the green color.  
However, not all the plants appear to be green, like for the example M. tuberculatum, 
which is in bright red color. Basically that is because some other pigments that do not absorb the 
red light are present in this plant in the greater amounts. As we have already stated above, one of 
these pigments is anthocyanin and now we are going to have a look at this pigment.  
2.2.2 Anthocyanins 
Anthocyanins are water soluble pigments frequently found in the vast majority of plants 
with vacuoles5. The structure of the anthocyanin molecule is based on a C6-C3-C6 skeleton with 
different structural specific modifications, which gives them the unique colors [Grotewold 2006, 
Mantes 2005].  The figure below shows us the general structure of anthocyanin.   
Figure2.4: Structure of anthocyanin 
                                                 
5 A plant cell organelle, Contains enzymes and proteins in aquatic surroundings.    
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Source:  [http://www.friedli.com/herbs/phytochem/flavonoids.html] 
Anthocyanins in plants appear in the shades of blue, purple red and orange colors. Besides 
the type of anthocyanins, there are two other factors affecting the color of these pigments.  
One of the factors why anthocyanins appear in different colors is the pH of the 
environment where these pigments are present. Most anthocyanins are fading in a pH higher than 
1, though there are some anthocyanins which are still colorful up to pH 7.  
Another reason why anthocyanins appear in different colors is because they have different 
concentrations relative to the concentrations of chlorophyll inside of the cells. For example if a 
plant appears red, then the concentration of anthocyanin inside of its cells is much bigger than the 
concentration of chlorophyll. Thus, anthocyanins “cover” chlorophyll and give the color to the 
plant.  
It is also important to note that the plants appear red only when anthocyanins do not 
absorb wavelength of light found in the visible region from red to blue. Instead, they reflect these 
radiations, giving the plants very bright colors. However, along with that, the anthocyanins 
absorb light in the green area of the spectrum, which is the complementary color of red.  
Another important fact about anthocyanins is that unlike the chlorophyll, which is found in 
the chloroplast, anthocyanins are stored in vacuoles. From figure 2.5 we can see the compounds 
of a cell, including the vacuoles where the anthocyanins are situated along with some enzymes 
and proteins. The picture is also showing us the chloroplast where the chlorophyll pigments are 
situated. 
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Figure 2.5: Plant cell structure. 
 
Source:  [http://www.bookrags.com/sciences/biology/cells-plsc-01.html.] 
What is more, unlike chlorophyll, anthocyanins are not photosynthetic pigments and they 
have no known photosynthetic role inside of the cells of the plants. However, they have some 
other functions in plants. One of them is a function of attracting insects to flowers. Besides that, it 
has been suggested that anthocyanins have several protective functions in plants. These functions 
vary from camouflage against herbivores6, rejection of insects and protecting the plants in light 
and temperature stress. Among these functions is the function to protect the plants from harmful 
light wavelength in two possible ways, either functioning as a screen for these wavelengths, or by 
acting as anti-oxidative agents and stopping oxy-radicals 7 . Some theories also claim for a 
combination of these two ways. What is more, nowadays a lot of research is being carried out on 
how the anthocyanins protect plants from damage caused by the ultra violet (UV) light8. But 
actually these functions are not yet fully understood. 
2.3 Growth & Photosynthesis in plants 
Growth of the plants is a process by which the plants are increasing their biomass. It is a 
well-known fact that the growth of the plants is very closely related to the process of 
                                                 
6 Plant eating animals.  
7 As part of the photosynthesis water molecules are being split. When this split is not balanced with the 
splitting of CO2 molecules to produce the photosynthesis products, the result might be free oxygen 
radicals. Anthocyanins can act as reducing agents to prevent oxidation of essential tissues in the plant. 
8 It is a well-known fact that the shorter the wavelength of the light, the higher is the content of energy in 
that wavelength. The ultra violet light has very high content of energy and therefore it is very damaging 
to the plants when the plants are exposed to it in high concentrations 
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photosynthesis. By photosynthesis plants gain energy and build up their organic matter used as 
food and to build tissues and therefore to increase biomass. In fact, the plants´ growth is more 
commonly defined as a complex process, in which the plants photosynthesize, store the 
synthesized organic products, and use them gradually for other processes involved in their life,  
[A. Carl Leopold, Paul E. Kriedeman, 1975]. Therefore, the process of photosynthesis may be 
considered as a process essential for the plants´ growth. Now, let us take a closer look at this 
process. 
 
2.3.1 Photosynthesis in plants 
Photosynthesis is a process that is happening inevitably in plants, algae and some bacteria 
for the maintenance of life. As it has already been mentioned in the introduction, during this 
process the light energy coming from the Sun is converted to a chemical energy, which is then 
used by the phototropic organisms9 to produce all of the organic material that they require as 
their food.  
In general, plants obtain carbon dioxide and water, and with the help of sunlight energy 
they produce a sugar compound (glucose in particular) and releases water and oxygen as by 
products.  
Nevertheless there are some types of autotrophic organisms10, which have a slightly 
different photosynthetic process. In this report, however, we are only going to focus on the most 
common photosynthetic process, the photosynthesis in plants. 
As it was mentioned earlier in the report (2.2.1), photosynthesis in plants takes place in 
the chloroplast, which is inside some of the plant cells, mostly in the leaves. The process of 
photosynthesis involves many chemical reactions. Some of these reactions require a continuous 
energy supply from the sunlight and therefore they are known as light-dependent reactions. Other 
reactions can carry on in the darkness for some time and they are the light-independent reactions.   
Together, these reactions form a chain of photosynthetic conversions that constitutes the 
whole process of photosynthesis. Now let’s take a closer look at this process. 
The light-dependent reactions, also called light reactions, are gathered together to form 
the first part of the photosynthesis. They proceed in three main steps. All of these steps are 
                                                 
9 Organisms that respond to the stimulus of light. 
10 Organisms that produce their own organic food and serve as the producers in the food chains. 
                                                                                      June 2006 
 
 
 
The Effect of Light Intensity on the Growth of M. Tuberculatum And M. Aquaticum. 
 
Page 15 of 15 
happening within photosystems I and II11 in the thylakoid12 membrane of the chloroplast. The 
first step involves the formation of the ATP13 molecule from a highly energized electron in a 
phosphorylation14 reaction. The second step involves the splitting up of a water molecule in the 
photolysis reaction15 and the release of oxygen as a by-product. Both of these reactions are taking 
place within photosystem II. On the contrary, the last reaction takes place within the photosystem 
I and it involves the production of NADPH16 molecule.  
The light-independent reaction is taking place simultaneously with the light-dependent 
reaction. In fact, there is a direct relation between these two reaction mechanisms. This 
relationship is explained on figure 2.6, which shows us that ATP and NADPH, formed during the 
light-reaction are being used up during the Calvin cycle. In turn, NADP+17 and ADP, formed 
during the Calvin cycle are being used up during the light reaction.  
Figure 2.6: The photosynthesis process within the chloroplast and the interactions between the 
light reaction and the Calvin cycle. [Campbell &Reece, 2005] 
 
                                                 
11 Groups of hundreds of chlorophyll molecules arranged together within the thylakoid membrane of the 
chloroplast. The photosystems I and II differ from each other in their structure and position within the 
thylakoid. 
12 Thylakoid is a membrane within the chloroplast. It is folded into discs (see figure 2.6) in which the 
photosynthesis process is taking place. 
13 Adenosine triphosphate; a form of storing energy by living organizms.  
14 Phosphorylation is the addition of phosphate group, (PO4) to an organic molecule.  
15 The splitting of a molecule by the use of light energy. 
16 Reduced nicotinamide adenine dinucleotide phosphate 
17 NADP+ combines with the hydrogen ion to form NADPH molecule. 
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It is very important to note that unlike the light-reaction, the light-independent reaction is 
within stoma18 of the chloroplast. What is more, it forms a cyclic chain of reactions, known as the 
Calvin cycle, in which the first reaction in the chain involves RuBP19 and the last reaction makes 
it into a product.  
The Calvin cycle can also be divided into three major steps. In the first step RuBP 
combines with CO2 molecule, which enters the chloroplast by diffusion from the air to form two 
three-carbon sugar molecules called glucerate-3-phosphate. This step of reaction is called the 
carbon fixation. In the next step the two glucerate-3-phosphate molecules are reduced to another 
form of three carbon sugar, namely to triose phosphate. In order for this step to proceed the 
energy is required and it is supplied in the form of ATP formed during the light-dependent 
reaction. What is more, the NADPH molecule also formed during the light-dependent reaction is 
used to supply the hydrogen atom to the new form of three carbon sugar. This step is known as 
the synthesis of carbohydrate.  
The next step in the process is known as the generation of RuBP. This step is the last one 
to complete the Calvin cycle in which the molecules of triose phosphate are being used up 
gradually to generate the ribulose biposphate. In fact, out of 6 molecules of triose phosphate 5 are 
being used to generate 3 molecules of RuBP. Energy is essential for this reaction and it is also 
supplied by ATP formed in the light-dependent reaction. 
Now we have seen that photosynthesis is a complex and comprehensive process. The rate 
of the photosynthesis influences on the rate of the growth of the plant and therefore should be 
studied with consideration. There are some factors that may limit the rate of the photosynthesis. 
These are called the limiting factors and they are discussed in the new chapter of the report. 
2.3.2 The limiting factors of photosynthesis 
Light intensity, concentration of carbon dioxide and temperature are the three factors that 
determine the rate of the photosynthesis in plants. In this chapter of the report we are going to 
show the reader what kind of effect the change in each factor would have on the rate of the 
photosynthesis. 
                                                 
18 In Greek, stoma means hole or a mouth.  
19 Ribulose biposphate; a five carbon sugar. 
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• The effect of light intensity 
The light intensity is usually not the limiting factor, unless the plant is heavily shaded. 
More frequently the light intensity can be the limiting factor for a while. For example when the 
Sun is rising or setting down. In case if there is a shortage of light the products of the light-
dependent reaction, namely ATP and NADPH are not generated in the amount needed. As a 
result, the synthesis of carbohydrates in the Calvin cycle is happening at a slower rate and that 
also slows the rate of the photosynthesis. At very high light intensity another factor is limited. 
Too much light might damage the photosynthetic system and slow down the growth of the plant. 
In extreme cases it may even stop the growth of the plant and cause destruction of tissues. This 
process is widely known as photo-inhibition20.   
• The effect of CO2 concentration 
At very low CO2 concentrations the first step of the Calvin cycle, namely the carbon 
fixation, is limited and the amount of glucerate-3-phosphate generated declines, resulting in the 
decline of the whole photosynthetic activity. At very high CO2 concentrations some other steps of 
the process are limited. However, we are not going to discuss it in our project, because we are not 
dealing with such high concentrations of carbon dioxide in our experiment. 
• The effect of temperature 
At a very low temperature the enzymes that catalyze the reactions happening during the 
Calvin cycle work slowly. As a result, the light-independent reactions are proceeding at slower 
rates. On the contrary, at very high temperatures RuBP carboxylase21 is not working properly and 
it limits the formation of the glucerate-3-phosphate. 
In our experiment all of these factors discussed above could have influenced the rate of 
the photosynthesis of the plants that we were working with. In one of the next chapters we are 
going to discuss why that could have happened. But before that we would like to say a few words 
about the growth of the plants 
                                                 
20 Photoinhibition is a state of physiological stress occuring in all photosynthetic organisms which are 
exposed to light intensities that are too high for them. Photo-inhibition is the result of pigment destruction 
and degradation; it is damaging the complex proteins that are located in the photo-system II. Photo-
inhibition may cause a reduction the growth of the plant. Photo-inhibition can be observed when the rate of 
the repair is smaller than the photo-inhibition. In most of the cases the photo-inhibition is a reversible 
process. 
21 An enzymet hat catalyses the carbon fixation reaction of the Calvin cycle. 
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Since the factors described above have an influence on the rate of photosynthesis in plants, 
they would also affect the growth rates of the plants. However, the rate of photosynthesis is not 
directly related to the growth of the plants. It is not unusual that some plants photosynthesize at 
relatively rapid rates but do not grow as rapidly. That is because the energy and the matter 
obtained through photosynthesis can also be used by the plants for other processes involved in 
their life, for instance respiration. From this information we can clearly see that the growth of the 
plants is actually determined by the inputs and outputs of energy and matter into the plant, and 
not only by the photosynthesis alone. For that reason we think that it would also be a good idea to 
concentrate our attention on some other factors that would be crucial in determining the growth 
of the plants.  
2.3.3 Other factors that affect the growth of plants  
• Rate of respiration 
Cell respiration in plants is defined as a process, controlled by the plants themselves, in 
which the energy in the form of ATP is released from organic material stored inside of the plant 
cells. The two plants used in our experiment carry out aerobic cell respiration, meaning that the 
process is happening in the presence of oxygen. The process of cell respiration can be 
summarized in two main stages.  
During the first stage of the process the glucose molecules formed, by photosynthesis and 
stored in the cytoplasm, are being broken down into simpler organic compounds called 
pyruvates22. As a result of that a small amount of energy in the form of ATP is being released. 
During the second stage of the process pyruvates are being absorbed by mitochondrion in 
which they are also being broken down to form carbon dioxide and water. Actually, it is only this 
step of the process that is said to be aerobic, because it is only happening in the presence of 
oxygen. A large amount of ATP is released at this step of the process. 
From the information given above we can see clearly that the respiration provides energy 
inputs into the cell. However, the rates of respiration inside of the plants vary from one plant to 
the other, meaning that some plants would have higher energy inputs than the other plants. What 
is more, the energy formed can be used for different purposes. Some of it can be used in 
photosynthesis; the rest is used for other processes involved in the cells of the plants. In turn, it 
has a crucial effect on the growth of the plants.    
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• Availability of water 
Water is essential for the plants. It is consumed by the plants through their roots, 
transfered through the stem and delivered to their leaves. Then, as it has already been stated 
above, the water molecules are being split up in the process of photosynthesis. In fact, hydrolysis 
is the first reaction of the photosynthesis, and therefore it is also one of the determining steps in 
the process. Without water the photosynthesis would not proceed and the plant would die. M.a 
and M.t are aquatic plants, which mean that this shouldn’t be a problem.  
• Availability of nutrients 
All the important nutrients and some organic matter are actually taken by plants through 
water, in which they are dissolved and then consumed by the plants. Without the water the plants 
would not get all the nutrients to satisfy their needs and they would die.  
There are also some factors that limit the health conditions of the plants and therefore they 
also affect the growth of plants. These factors are specified below. 
• Diseases 
Diseases affect the health conditions of the plants and slow down the important processes 
carried by the plants, including photosynthesis. In turn, it also affects the growth of the plants.  
• Herbivores 
Some animal species consume the plants as their food and therefore they decrease the 
biomass of the plants.  
• Age and size of plants 
Age is one of the factors that would affect the efficiency of any biological processes 
involved in the plants life, including the photosynthesis. As the plants are growing older, their 
ability to photosynthesis is decreasing, therefore, the younger plants are growing faster than the 
older plants. But, the net biomass change is better for the older plants, than for the younger ones, 
because older plants have more biomass at the initial time.  
In our experiment age and size of the plants do not play any important roles, because we 
have been growing the plants of approximately the same size for three weeks only.  
                                                                                                                                                              
22 Producers of the reaction 
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2.4 Ecological conditions 
As it has already been mentioned in the earlier parts of the report, plants need specific 
ecological conditions in order for them to grow. These conditions include the following:  
• Carbon dioxide concentration; 
• Water pH;  
• Water hardness; 
• Temperature; 
• Light intensity. 
In this chapter of the report we are going to explain in what ways these conditions should 
satisfy the demands of the plants and how we are going to accomplish them.  
• Concentration of carbon dioxide  
From the previous parts of the report we know that all the plants can use carbon dioxide 
and water and convert them into sugar and oxygen when there is enough light. That is the 
simplest process that everyone knows about. However, some aquatic plants may also use HCO3- 
ion for the photosynthesis. Another point that we should notice is that as far as we know there is 
no plant that can use CO32- for photosynthesis. When we are going to investigate the aquatic 
plants, we should consider that free CO2 from the atmosphere can dissolve in water and this 
would have an influence on the reaction mechanisms of the photosynthesis. Minerals containing 
carbonate ions in them are another source of carbon in the water. The equilibrium reactions that 
yield free carbon dioxide and carbonate ions is represented below. 
CO2 + H2O                  H2CO3                 H+ + HCO3-                          2H+ + CO32- 
The equilibrium reaction above actually tells us that in any case some carbonic acid is 
formed throughout the process. That is, in fact, not always favorable for the plants, since high 
acidity can harm the plants and even brings them to die. However, the reaction is reversible in 
both directions, meaning that by controlling the process above, we can maintain the acidity of 
water in which the plants are growing within some narrow limits. Thus, we can intervene into the 
processes of photosynthesis. In this way we would be able to achieve ecological conditions 
required for the growth of the two plants.  
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One way to maintain the desirable pH values is to add some acid to the water in aquarium. 
Yet, this method may not be the best solution to the problem. In case of increase in the acidity of 
the water, the equilibrium is shifted towards the carbonates formation (either CO2, or HCO3). But, 
the problem appears when this process causes excessive diffusion of carbon dioxide from the 
water into the air. In this particular situation the content of CO2 in the water is greatly decreased 
and thus, the rates of photosynthesis slow down.  
In order to avoid this, an oxygen-bubbling system may be set up in aquaria. However, this 
may also have some practical problem in experimental set up. From the one hand side this 
method reduces the “boundary layer effect23” between the carbon dioxide in the air and in the 
water. However, from another point of view, by doing that bubbling procedure, we may increase 
the acidity of the water. In this case the plants would photosynthesize until all the carbonates 
would be used and no more would be left to proceed the photosynthesis. In order to solve this 
problem another method can be used in the experiment. This method involves the increase of the 
content of carbonates in the water. 
• Water hardness 
The concept of the water hardness is related to the content of carbonates24 in the water. 
Tap water in Denmark is reach in minerals25. This means that there is also high content of 
carbonate ions and low concentration of CO2 (as it can be seen from the equilibrium equation in 
the previous part). Water hardness is caused by calcium and magnesium compounds, and by a 
variety of other metals. Water is an excellent solvent and readily dissolves minerals when it 
comes in contact with them.  
On the contrary, demineralized water has no carbonates content in it. What is more, it is 
more acidic than the tap water and therefore it has higher capacity to dissolve free carbon dioxide. 
For that reason it is more favorable to use a combination of both the tap water and the 
demineralized water. 
                                                 
23 The boundary layer is a thin layer of air above the water in the aquarium which is affected by the 
moisture from the aquarium.    
24 which are mainly compounds of alkalines metal and the carbonate ion 
25 Wide definition for compounds found in the ground, which are result of geological processes.   
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• Temperature 
By lowering or increasing the temperature we would intervene into the natural reaction 
mechanisms and influence the rates of photosynthesis of the plants. In fact, the plants would have 
their best rates of photosynthesis at their most suitable temperatures. In our experiment we are not 
going to investigate that as it would complicate our task in many ways. Therefore, we have 
decided to maintain the temperature at a constant value. 
• Light intensity 
As we have mentioned many time before, light is required for plants to carry out 
photosynthesis. Some plants require high intensities of light, while others require low intensities. 
That is rather individual for every plant species. But, if the intensity of the light is suitable for the 
growth of the plants, then the higher the intensity of the light is, the faster the rates of 
photosynthesis and therefore the growth of the plants. However, at some point the plants may get 
too much light and it can be very damaging for them. In our project we are going to investigate 
how Myriophyllum aquaticum and Myriophyllum tuberculatum would respond to different light 
intensities. Yet, in our experiment we create the artificial light conditions and that may cause a 
problem because the wavelengths of the artificial light are not the same as the wavelengths of the 
natural light. In the next part we are going to compare the natural and the artificial lights.  
2.5 Natural and artificial light 
Ordinary sunlight contains the ultraviolet light, visible light and far infrared light. As the 
figure below shows, each type of the light is spread over a specific range of wavelengths. 
According to Planck’s Quantum theory, we know that E= h*c/λ, where h is Planck’s constant, c 
is velocity of speed and λ is the wavelength of the light. Therefore the lowest wavelength of the 
light has the highest contents of energy. 
Figure 2.7: The spectrum of sunlight. [Chang,  R 2005] 
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An object appears to have a certain color, because it absorbs all light but reflect the light 
of complementary color, or because it absorbs the corresponding complementary color and reflect 
all the other light [Chang R.]. A color wheel below describes the complementary colors of 
different wavelength of visible light:  
 
Figure 2.8: A color wheel with 
appropriate wavelength. [Chang, R 2005] 
 
Modern technology allows 
producers to make lamps with a very wide 
range of wavelength distribution which can be designed to fit to specific needs.   
The composition of the light and its quantity are probably the most important factors that 
affect the plants. Fluorescent lamps have a very wide range of color emission and low emissions 
of heat. These properties allow us to place the lamps close to the plants. In our experiment we 
used a combination of three different types of fluorescent lamps and one type of spot lamps in 
order to achieve a light composition as natural as possible.   
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3. Hypothesis of the problem formulation 
Before growing the two different species of aquatic plants: Myriophyllum aquaticum 
(green) and Myriophyllum tuberculatum (red) under different light intensities, we have drawn a 
hypothesis of the result of our experiment. This hypothesis is based on the theory laying behind 
the processes involved in the growth of the plants. The results that we expect to obtain are 
summarized below.  
Firstly, under the relatively low light intensities, the growth rates of both green and red 
plants will be negative, meaning that the weights of both plants will be decreasing. But the rates 
will become positive and increase obviously with the light intensity going stronger. Moreover, the 
green plants would probably grow better than the red ones because they would probably have 
higher concentrations of chlorophyll and we think that they would consume less energy to 
generate other pigments.  
Secondly, under the relatively high light intensities the plants would be growing slower, 
due to the influence of photoinhibition. Therefore, we expect that with the increase in the light 
intensity the excessive light would cause more damage to the plants and the plants would be 
growing slower and slower. We also expect that when the rate of repairing mechanism would 
become lower than the rate of the damage, the plants will stop growing or even show a negative 
growth at an extremely high light intensity. However, we think that the red plants may not be 
affected by very high light intensities as much as the green ones due to the anthocyanins that 
“protect the photosynthetic structure against high light intensity and avoid or reduce the 
photoinhibition in the red plants” [Feild T.S., P524-P525]. 
 Now we can summarize everything that has been stated above and make a graphical 
presentation of our hypothesis.  
Figure 3.1: graphical presentation of the hypothesis [C.B.Osmond, P. 2] 
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As we can see from figure 3.1, we expect that as long as the light intensity is suitable for 
the plants the relationship between the growth rate of the plants and light intensity would obey 
the pattern of a saturation curve. But, at very high light intensities the growth rate of the plants 
will decrease more and more rapidly. However, in our experiment we are not going to investigate 
the effect of high light intensities on the plants, hence we expect that our results would follow the 
pattern of a saturation curve. Another expected result is the negative growth rate under the very 
low light intensity. We expect that M. tuberculatum will get to the positive growth rate interval in 
higher light intensity than M. Aquaticum due to the energy cost of producing anthocyanins. That 
will be discussed further in the later chapters of the report.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
.  
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4. Methodology 
 In this chapter we will present the methods of our experiment. First we are going to 
describe the way we carried out our experiment and then we will explain the methods in which 
we analyzed the data that was obtained.  
4.1 Description of the experiment 
Throughout the project work an experiment was designed in order to answer the research 
question and to investigate whether or not the hypothesis is true. The purpose of the experiment is 
to observe the relationship between light intensities and growth rates of the plant and to 
investigate how they influence the relative pigment concentration. The whole experiment is 
divided into two parts.  
4.1.1 The set-up of the Experiment 
Ten aquariums with the volume of around 10 liters of water were set in a climate room, 
where the temperature was kept constant (at about 20 degrees Celsius). The intensities of light 
illuminated on the plants in each aquarium were also kept constant; however they had different 
energy contents in each aquarium. Other conditions, such as water hardness, pH of the water and 
amount of nutrients were optimized, as suggested by the supplying company, to fit best to the 
growth of the two species.  
The light intensities illuminated over the aquaria were designed and set in the following 
way: 
• First, fluorescent lamps and spot light systems were set above the aquaria. 
• Second, the light meter26 was used to estimate average intensities of light at the 
surface of aquaria. 
• Third, transparent sheets were printed out in different scales of grey and placed on 
the aquaria. Each sheet had different percentage of transparency, in this way we 
modified the light intensities to desirable values. Table 11 in Appendix 2 shows the 
values before and after this procedure. 
The lamps were set up to be turned on for 16 hours a day. The rest of the time the plants 
were in darkness. 
                                                 
26An apparatus, using to measure the intensities of light in moles of photons per square meter per second. 
[ sec)( 2mphotonmol × ] 
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          Parameters other than light were monitored and controlled in the following way: 
•  The water hardness was kept constant and during the first week it has been prepared 
from equal amounts of tap and demineralised water. Then, we found out that the growth of 
the plants was not quit as good as expected, which could be caused by the limitation of 
water hardness. Since then the water in aquaria has been prepared from 33.3% of the 
demineralised water and 66.7% of the tap water. In order to keep the water clean and to 
maintain the concentrations of carbon dioxide and hydrogen carbonate needed for the plants 
to photosynthesize, we changed the water regularly about once a week.   
• The pH of the water was measured twice a week and it has been maintained between the 
values of 6.3 and 8.0 by addition of weak hydrochloric acid. 
• A low intensity bubbling was set up in each aquarium in order to maintain the 
concentration of carbon dioxide dissolved in the water, this would be discussed later in the 
report.  
• Nutrients were added to the water with accordance to instructions of the producer: 0.5ml 
per 10 L of water for the first week, and 1ml per 10 L of water every following week. 
4.1.2 The first part of the experiment, measure of the biomass.  
The first part of the experiment is meant to find the effect of various light intensities on 
the growth rates of Myriophyllum aquaticum and Myriophyllum tuberculatum. According to our 
theory the growth of the plants has a direct relation to their biomass. In order to find out the 
growth rates of the plants, all the plants were weighed individually once in 3-4 days. The 
procedure of the weighting of the plants was standardized in the way described below. 
• We took the plants carefully out of the water, and put them on some tissue paper in order 
to absorb the water on the plant. We covered them with some new and dry tissue paper 
and pressed the upper paper lightly in order not to ruin the plants. In this way, the water 
on the plants was absorbed as much as possible. 
• We weighted each individual plant and noted its weight in a table to simplify further 
calculations (tables 1-10 in the appendix 1). 
The entire measuring process took only a few minutes; right after that we put all the plants    
back into the aquarium again. So the plants were continuing to grow until the next measurement. 
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4.1.3 The second part of the experiment 
In this part of the experiment, we extracted the chlorophyll and anthocyanins from all the 
plants and calculated the concentrations of these two pigments in the plants from each aquarium.  
• We took all the green plants from the ten aquariums and put them correspondingly 
into 10 bags. In the same way, we treated all the red ones. We marked the bags and 
placed them into the freezer for 24 hours. The next day, we took them out of the 
freezer and put them into the freeze-dryer for drying. In the freeze-dryer, the water 
in the plants which was frozen and under a low pressure, was transferred from 
solid phase directly to gas phase without going through the liquid phase. In this 
way, the plants were dried without damaging the structure of the pigments. 
• After freeze-drying, we grinded the dried plants from each bag with the use of 
mortar and pestle into powder. Then we made two samples from each powder by 
taking about 100 mg for each sample. In that way we obtained two groups of 
samples for both red and green plants in each aquarium. 
• One group of samples was used for the extraction of chlorophyll while the other 
one was used for extraction of anthocyanins. 
• To extract chlorophyll, we used 5 ml of ethanol27 solution (96%). for each sample 
from first group, and for extracting the anthocyanins we used 5 ml of acetone28 
solution for each sample from second group. After 24 hours, we put these two 
solvents to extract the pigments. Thus, we could analyze the concentration of the 
chlorophyll and anthocyanins for the plants in each aquarium. 
 Measurement of chlorophyll concentration: 
We separated the impurities from our first group of samples by filtration and we put 3 mL 
of the clear solution from each sample into a cuvette 29 . To calculate the concentration of 
chlorophyll, we need to measure the absorbance30 of the samples from first group by using 
                                                 
27 Ethanol is a chemical compound with chemical formula is C2H2OH , without color, is very flammable, 
and is also one of the alcohols most found in the alcoholic drinks.  
28 Acetone is a chemical compound with chemical formula of acetone is C3H6O from the ketones class, a 
liquid without color and very flammable, soluble in water and ethanol. 
29 A small container, used for the spectrophotometer. 
30 The light-absorbing ability of a material is called the absorbance. 
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spectrophotometer31. We calibrated the spectrophotometer by measuring the absorbance for a 
blank solution, which in this case was the ethanol solution. We measured the absorbance at 665 
nm and 750 nm wavelength for each sample in this group. In case that we obtained a value for the 
absorbance higher than 0.8 for the wavelength of 665nm, we diluted the sample 50% until we 
obtained a result lower than 0.8. 
 Measurement of anthocyanins concentration: 
First, we have filtrated the impurities out of our second group of samples, and we took 3 
mL of the clear solution from each sample to make a new group of samples.  
As both anthocyanins and chlorophyll are soluble in acetone, we had to separate the 
anthocyanins from the chlorophyll in order to finish the extraction. We did that in three steps: 
• First, we used the rotary evaporator to evaporate the acetone in each sample. This 
process was carried in a vacuum condition32 and under a low temperature, in order to 
avoid damaging the pigments. After the evaporation of 3 mL of solution we could 
observe some dark solid on the bottom of the glass, which was the mixture of 
anthocyanins and chlorophyll.  
• Secondly, we added 1 mL of 0,1M hydrochloric acid for each sample, to separate 
anthocyanins and chlorophyll. The reason to do so is that anthocyanins are soluble in 
water while chlorophyll is not. Moreover, in acidic conditions anthocyanins will 
preserve best, otherwise they would degrade.  
• Thirdly, we filtrated the solution for each sample again and took the 1 mL of the 
filtrated solution and put them into a corresponding microcuvetts33 for measuring the 
absorbance in the spectrophotometer. Then, we calibrated the spectrophotometer by 
using a blank solution of 0.1 M hydrochloric acid. Then we measured the absorbance 
of the samples at wavelength of 520nm. When the value for the absorbance was 
higher than 1, we diluted the sample 50% with 0.1M of hydrochloric acid. 
                                                 
31 A spectrophotometer is used to measure the quantity of light that is absorbed by a sample. The 
working principle of this instrument is very simple. When a beam of light, which consists of 
photons, is passing through the sample, some photons will be absorbed by the sample 
molecule, some photons will be scattered, and some will transmitted directly to the detector. 
Then if we ignore the quantity of scatted light, by comparing the quantity of incident light and 
the transmitted light, we can get the quantity of light that is absorbed by sample.  
32 As the law of thermodynamics shows, by lowering the pressure around, we can lower the boiling temperature of a 
certain material. By doing this, the temperature of evaporation will be around 30-35°C. 
33 Microcuvetts are more or less the same as the cuvetts but smaller. 
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4.2 Growth analysis method 
In the previous part we have presented the way that we have obtained our data. Next we 
would like to explain the methods by which we analyzed this data. First of all, to answer our 
research question we had to find the relations between the growth of the plants and the light 
intensity. We have chosen to do that graphically, and this process is summarized into two steps:   
• First, it is important to notice that for making the graphical analysis we used the 
“MatLab 7” program. The first step of the graphical analysis was to plot the linear 
function of biomass change for each plant species in each aquarium against time.  
• Second, we used the slope of the linear functions which we obtained in the 
previous step, (namely the derivative or in this case the rate of growth), and plotted 
it against the corresponding light intensities. Actually, we did not know which 
function would be the best representative of the relationship between the biomass 
change and the light intensity. Therefore we have investigated two different 
functions namely, the linear function and saturation curve. This will be discussed 
into further extent later in the report.   
4.3 Pigment analysis method and the Beer-Lambert law 
Now we will describe the way in which we carried out the quantitative analysis of the 
pigments concentrations with relation to the light intensity.    
4.3.1 Using Beer-Lambert law 
In order to measure the chlorophyll and anthocyanins concentration, we used the 
spectrophotometer and applied the Beer-Lambert law.  
The absorbance of a sample can be calculated with the help of Beer-Lambert law: 
][][][ 11 −− ⋅⋅××= cmmolLcmlLmolCA ε .  
In this equation C is molar concentration of the sample, l is the light path or the thickness 
of the sample and ε is molar extinction coefficient34. A represents the absorbance of the sample 
and it has no units.  . 
According to Beer-Lambert law, it is obvious that the absorbance and the concentration of 
the sample have a linear relation. In case of a concentrating or diluting, the only change is in the 
                                                 
34 It is a constant for a certain material. Different material has different value of ε 
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concentration of the sample. From this we can get the next equation: 
][
][
][][][ 000 mLV
mLV
L
molCL
molCL
molC ×=×= α  
 Where C is the final concentration of the sample, V is the final volume of the sample 
solution, C0 is the initial concentration of the sample, V0 is the initial volume of the solution and α 
is the concentration-changing factor, which is equal to the ratio between initial volume of the 
solution and the volume after concentrating or diluting. 
 Thus, the Beer-Lambert law can also be written in the following way: 
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For the samples that were made from m [g] certain material, the concentration of the 
sample can be described in another way: 
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Where m’ is the mass of the sample, n is the number of moles of the solute; V is the 
volume of the solution. 
4.3.2 The equation of calculating chlorophyll concentration 
From the background knowledge, we know that chlorophyll contains chlorophyll a and 
chlorophyll b. The following graph shows the light absorption of chlorophyll a and chlorophyll b 
at different wavelengths of light. 
Figure 4.1: The absorption of chlorophyll over the visible spectrum.  
 
[www.physics.uoguelph.ca/~pgarrett/Teaching.html, Lecture 21] 
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To calculate the whole chlorophyll concentration, it is needed to measure the absorbance 
of the chlorophyll at a certain light wavelength, where the percentage of the light absorption has a 
peak. As it can be seen from the graph above (figure 4.1) the possible peak can be around line 1 
or line 2, both of which are between the individual peak of chlorophyll a and b. But according to 
the knowledge of complementary color, we know that around line 1, where the chlorophyll 
absorb the blue light, the value of the absorbance could also be influenced by some material with 
orange color, namely some anthocyanins. So the best choice of wavelength is around line 2 with 
the corresponding complementary color, green, which is just the color of chlorophyll. According 
to the Beer-Lambert law, the equation of calculating chlorophyll concentration can be written in 
the following way: 
{1} 
][][4,83
][)( 750655
mgmL
g
mLVAAlChlorophyl
g
mg ×
××−=
⎟⎟⎠
⎞
⎜⎜⎝
⎛
α
 
Where A655 is the absorbance peak for chlorophyll; A750 is a correction factor for small 
particles in the sample solution; V is the volume of solution; α is the concentration-changing factor; m 
is the mass of the material for extraction; 83.4 is a constant which is calculated from the molar 
mass ,the molar extinction coefficient of chlorophyll and the thickness of the sample in the 
following way: 
][][
][
][
4.83
1
11 cmlcmmolL
mol
gM
L
g
×⋅⋅= −−ε .[Lindell, 1994], [ Jespersen, 1987]. 
4.3.3 The equation of calculating anthocyanins concentration 
As we did for chlorophyll, to calculate the anthocyanins concentration, we also had to find 
the relevant absorbance peak. As the graph below shows, the peak comes out at the wavelength of 
520 nm. 
Figure 4.2:  
The absorption of 
anthocyanins in 
the visible light 
spectrum. 
 
 
 
 
 
 
[ PIETRINI,  IANNELLI & MASSACCI, 2002] 
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Thus, the equation to calculate the anthocyanins concentration: 
{2}
][][][
][][
11
520
gmcmlcmmolL
mLVmol
gMA
nsAnthocyani
g
mg ××⋅⋅
×××= −−
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ε
α
 
Where A520 is the absorbance peak for anthocyanins; M is the molar mass of anthcyanins; α 
is the concentration-changing factor; V is the volume of acetone we use to extract; ε is molar 
extinction coefficient of anthocyanins, l is the thickness of the sample and m is the mass of all the 
material ready to extract. [Australian Wine Research Institute 2006]  
4.3.4 Graphing the pigments concentration data 
 For graphing of the chlorophyll concentration we used the values that we got by applying 
the Beer-Lambert law (equation 1), versus the corresponding light intensities, and fitted the linear 
function to them in order to see the general tendency of the relationship between chlorophyll 
concentration and light intensity. 
For graphing of the anthocynins concentration we used a slightly different method. As we 
did for the chlorophyll, we used the Beer-Lambert law, (equation 2), in order to obtain the 
concentration of anthocynins. However for graphing the data, we used the ratio between the 
anthocyanins concentration and the chlorophyll concentration 
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
BiomassmasslChlorophyl
BiomassmassnsAnthocyani  on the y-
axis and light intensity on the x-axis. We use the ratio between the two pigments versus light 
intensity in order to describe the protective function of anthocyanins against light for the 
photosynthetic organs in the plant.     
 
 
 
 
 
 
 
 
 
                                                                                      June 2006 
 
 
 
The Effect of Light Intensity on the Growth of M. Tuberculatum And M. Aquaticum. 
 
Page 34 of 34 
5.  Results of the experiment 
In this chapter we will introduce the results of the different experiments we run and show 
the analysis of the data. We divide the results into three main parts; the first part deals with the 
growth of the plants over the time axis. That part will allow us to analyze the growth of the plants 
and to see if there are some influences on the growth, which we should exclude from our 
calculations of the growth rate dependency on the light intensity.  
The second part deals with the growth of the plants versus light intensity; this is the main 
part of our report which will allow us to see if our hypothesis can be confirmed.  
The third part is dealing with the pigment concentration. Analyzing this data with relation 
to the growth rate, will allow us to support our hypothesis on the role of anthocyanins and on the 
cost for the plant of producing anthocyanins.   
5.1 Data collection 
5.1.1 Growth of the plants versus time with respect to light intensity 
In order to obtain valid data we have weighted the plants in each aquarium separately for 
9 times over a period of 27 days, as described in the earlier chapter of the report (4.1.2). The 
complete set of data is presented in table 12 in the Appendix 2. 
5.1.2 Pigment concentration versus light intensity 
 For extracting the pigments we used the powder we made out of the dried plants, table 13 
in the Appendix 2 shows the weight of the powder used for each extraction.  
We made 40 different samples for the extraction, 2 samples from each plant species for 
each aquarium.  
5.1.2.1 The results of the extractions 
The results of the pigment extractions can be divided into two. 
• In the first part we are going to deal with the results of the chlorophyll. The numerical 
results are summarized, in table 14 in the Appendix 2. Using this data we can calculate the 
concentration of chlorophyll with equation {1}. Where V= 5ml; for samples that were 
diluted once, α=2 and for samples that were diluted twice, α= 4 ml (marked in the 
appendix with: “*” or “**” respectively); the value of m can be found in table 
13,Appendix 2  
• The second part deals with the results of the anthocyanins extraction. The data is 
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presented in table 15 in the Appendix 2. With this data we can calculate the concentration 
of anthocyanins applying equation {2}. For the samples which were not diluted, α = 1/3; 
for the samples that were diluted by 50%, α = 2/3 (these samples are marked by “*” in the 
tables in the Apendix 2.); M35= 449 [g/mol]; V =5 ml and ε=26900[ 11 −− ⋅⋅ cmmolL ]; l= 1 
cm; the value of m can be found in table 13 in the Appendix 2. 
5.2 Analysis of the results 
 After we finished with all the measurements of the weight and the pigments concentration 
in the plants we started handling and analyzing the data. For making calculations we used 
“Microsoft Excel 2003”, for plotting graphs we used “MatLab 7”. In order to check the quality of 
our data points we calculated the Standard Deviation (SD) for all graphs, and plotted the residuals. 
For calculating SD we used the following function: 
( )
1
2
−
−∑=
n
XXSD    
Where n is the number of measurements, X is the value of a specific data point, and X  is 
the average value for all X. When plotting the residuals we kept a standard of 95% of the points 
within the residuals, and we made sure that the data points show no specific pattern, which would 
mean that we fit the data for the wrong function.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
35 The molar mass for a common anthocyanins is 449g/mol 
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5.2.1 Average biomass dependency on time 
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Figure 5.3: Average biomass change with time of the plants under LI=55.6 mol m2 sec-1
average biomass of M.a.
average biomass of M.t.
growth function of M.a.
growth function of M.t.
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Figure 5.1: Average biomass change with time of the plants under LI=20.1 mol m2 sec-1
average biomass of M.a.
average biomass of M.t.
growth function of M.a.
growth function of M.t.
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Figure 5.4: Average biomass change with time of the plants under LI=70 mol m2 sec-1
average biomass of M.a.
average biomass of M.t.
growth function of M.a.
growth function of M.t.
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Figure 5.5: Average biomass change with time of the plants under Li=75.5 mol m2 sec-1
average biomass of M.a.
average biomass of M.t.
growth function of M.a.
growth function of M.t.
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Figure 5.6: Average biomass change with time of the plants under LI=97.9 mol m2 sec-1
average biomass of M.a.
average biomass of M.t
growth function of M.a.
growth function of M.t.
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Figure 5.7: Average biomass change with time of the plants under LI=111.9 mol m2 sec-1
average biomass of M.a.
average biomass of M.t.
growth function of M.a.
growth function of M.t.
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Figure 5.9: Average biomass change with time of the plants under LI=138.6 mol m2 sec-1
average biomass of M.a.
average biomass of M.t.
growth function of M.a.
growth function of M.t.
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Figure 5.10: Average biomass change with time of the plants under LI=151.4 mol m2 sec-1
average biomass of M.a.
average biomass of M.t.
growth function of M.a.
growth function of M.t.
The ten figures above show us the average biomass change of each species in each aquarium
versus time. The graphs are arranged in the figures from 6.1 to 6.10 in the order of increasing light
intensity.  
The points on the figures indicate the average biomass of each plant species at the
corresponding time. If we look closely only at the points on the graph, we can notice that there was
decrease in biomass of both species in most aquariums between days 23-27. Now if we take a closer
look at the fitted lines, we can see very clearly that both species have been growing with time almost in
all light intensities, (except for figures 6.3 and 6.5, with light intensity of 55.6 and 75.5 respectively,
where M. tuberculatum has decreased in it’s mass).  
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By plotting the graphs and the data points on the same figures we could also investigate 
how much the data points would deviate from the fitted line. For this purpose the standard 
deviation of each plant species on each figure were calculated and the points that have very high 
deviation were indicated. The points with the highest deviation might not be valid for our 
calculations and they are the following: 
• On figure 1: The point of M. aquaticum at day 9 
• On figure 2: The point of M. aquaticum at day 9 
• On figure 4: the point of M. tuberculatum at day 27 
• On figure 5: the point of M. aquaticum at day 9 
• On figure9: the point of M. aquaticum at day 13 
 
In fact these points do not really fit into the fitted line plotted on the figures. However, all 
the other data points fit the lines pretty well showing that the relative biomass of the plants was 
changing linearly on the time interval taken. 
In spite of the fact that not all the data is considered to be valid, we would still include it 
in our calculations. Further discussion of this particular matter would be included in the later 
chapter of the report, namely the errors and uncertainties. 
5.2.2 The growth rate dependency on the light intensity 
In the first part of the experiment we measured the plants mass 9 times over a period of 27 
days. Then, we plotted the average biomass of the plants versus time (figures 5.1 to 5.10). Now, 
we would like to see the influence of the light intensity on the growth rate of the plants. In order 
to see that, we will plot the slope values drown from the graphs above, against the corresponding 
light intensity (as described in part 4.3 of the report). 
 Figure 5.11 show us the growth rate (which is the rate of change in biomass) dependency 
on the light intensity.  
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5.2.3 Light intensity and pigments concentration 
 
 Chlorophyll 
 We extracted the chlorophyll from the plants and measured its concentration (as 
mentioned in parts 4.1.2 and 4.4.4). Plotting the concentration of chlorophyll (Table 14 in the 
Appendix 2) against light intensity yields the following figure:  
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Figure 5.11: Growth rate vs light intensity
growth rates of M.a.
growth rates of M.t.
saturation curve of M.a.
saturation curve of M.t.
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  From the graph we can clearly see that the concentration of chlorophyll, in M. 
Aquaticum is decreasing with respect to the increase in light intensity. The concentration of 
Chlorophyll in M. Tuberculatum seems to stay steady or decrease very slightly despite the change 
in light intensity.       
 Anthocyanins 
 In the last part of the experiment we have extracted the anthocyanins from the dry freezed 
plants after we polarized them. We calculated the concentrations (data is in table 15 in the 
Appendix 2). Plotting the ratio of “anthocyanins to chlorophyll concentration” versus light 
intensity yields the following figure: 
 
 
In the figure above we can see an increase in the ratio of anthocyanins to chlorophyll 
concentration in the M, tuberculatum, in the M. Aquaticum; however, we can see a slight decline 
in this concentration ratio with the increase in light intensity.  
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6. Discussion 
In this chapter, we will discuss the results of our experiment; we will comment on the 
errors and uncertainties of our experiment; discuss the validity of the results and lead to a 
conclusion. 
6.1 Discussion about the results of the experiments 
In our experiment we have been investigating the influence of the light intensity on the 
growth of two plant species with relation to their pigment contents. From the results of our 
experiment we can notice the following observations: 
First of all we can clearly see that both plants species were growing with time under all 
light intensities. In most of the graphs from 5.1 to 5.10, we can see that the Myriophyllum 
tuberculatum was growing faster comparing to the Myriuphullum aquaticum. One reason for that 
may be that the average initial biomass of M. tuberculatum in all the aquariums was higher than 
that of the M. aquaticum. 
 Secondly, we plotted the growth rates of the plants with respect to the different light 
intensities. We have stated in the hypothesis that, it is used to fit saturation curve to the growth 
rates of plants versus light intensity [Allott A, p, 81]. From figure 5.11 we can clearly see that the 
curve general tendency is similar to the hypothesis. Namely, the M. Aquaticum will grow better 
than the M. tuberculatum under the low light intensity, but the red plant will “catch up” under 
high light intensity. However, from looking at figure 5.11 we could clearly see that the data points 
do not fit the saturation curve so well. We think that there might be two reasons for that; the first 
one is that the saturation curve function is not the right function to our experiment. The other 
reason is the limited range of light intensities investigated.  Therefore we have experimented with 
two other modeling techniques; the first one is extending the x-axis (representing the light 
intensity), on the saturation curve (figure 6.2), and the second one is fitting the linear function to 
our data (figure 6.1). Next we are going to compare these figures and comment on them. 
• Figure 6.1: in this figure we have fitted the linear function to the growth rate of the 
plants against light intensity. The most obvious observation from this figure is that 
the growth rate of M. Aquaticum is decreasing with respect to the increase in light 
intensity. The growth rate of M. tuberculatum, however, is staying more or less un-
changed. Moreover, we can see that the growth rate lines will intercept at about 
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light intensity of 220 (mol*m2/sec).  
• Figure 6.2: in this figure we have graphically extended the x-axis up to 800 
(mol*m2/sec). From this figure we can see that the formation between the two 
growth rate curves is almost the same as the formation expected from our 
hypothesis, figure 3.1. 
  
 
Next, we can comment on the concentrations of chlorophyll in the plants. By looking at 
figure 5.12, we can observe that the chlorophyll concentration is decreasing in proportional 
relation to the increase in the intensities of the light. This observation is applicable for both plant 
species. However, the concentration decreases more rapidly in Myriophyllum aquaticum. We 
think that the explanation for that might have to do with the protective role of anthocyanins in the 
red plants. When the green plant protect itself from excessive light by reducing the amount of 
chlorophyll, the red plant will use anthocyanins to protect itself and will keep the same 
concentration of chlorophyll.   
At last, we will explain why the ratio of anthocyanins per chlorophyll changes with light 
intensity as we can see from figure 5.13.  One clear fact is that the generating of anthocyanins per 
chlorophyll unit in the red plant is much higher than that of the green plant for all light intensities. 
This is why the red color is the dominating color of the M. tuberculatum. The second thing we 
can see from the figure (5.13) is that the concentration of anthocyanins per chlorophyll in M. 
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tuberculatum is increasing with the increase in the light intensity. That is actually due to the 
protective roles of anthocyanins in M. tuberculatum. When the light intensity grows higher, the 
plant needs more anthocyanins to protect itself against excessive light. On the contrary, the 
anthocyanins concentration per chlorophyll versus light intensity in M Aquaticum is slightly 
decreasing. That phenomenon might be due to the fact that anthocyanins have no protective role 
in the green plants, thus when the plant suffers from high light stress it will use less energy on 
producing anthocyanins.       
6.2 Errors and Uncertainties 
As it has already been stated in the earlier parts of the report this project is based on the 
experiment. For that reason it is highly important to design the experiment with required 
consideration and bear scrutiny. Throughout the project work, extensive studies were carried out 
in order to reveal and to minimize any unpleasant impact on the experimental results. However, at 
some points of the experiment more consideration should have been taken in order to avoid some 
errors and uncertainties to make the results more valid.  
In this chapter of the report we discuss what could have caused problems throughout the 
project work and influenced the results of the experiment. Both qualitative and quantitative errors 
and uncertainties would be discussed in this chapter and some suggestions would be made to 
avoid their influence on the results. 
6.2.1 Qualitative errors and uncertainties 
First of all we would like to focus on the qualitative set up of the experiment. Considering 
the growth conditions of the two plants the following points should have been taken into 
consideration: 
• The optimal light intensity of M. aquaticum is slightly lower than that of M. tuberculatum; 
this should have been considered Even though we didn’t try to simulate the optimal light 
conditions for the two plants, but to research the influence of different light intensities on 
them. Yet, conditions, which are optimal for both plants, are hard to create and the 
conditions that we have created are more favorable to the green plant, namely M. 
Aquaticum.  
• It is almost impossible to imitate the sunlight completely. The spectral composition of the 
artificial light used throughout the experiment and the intensity of this light, is different 
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from sunlight. That might have had an influence on the rate of photosynthesis and on the 
growth rate of the plants. However, since all the plants were growing under the same 
conditions we think that this is will not have a big influence on our results. 
• The optimal temperature for M aquaticum (about 19,5 degrees Celsius) is lower than the 
optimal temperature for M. tuberculatum (about 23,5). We have created the thermal 
conditions of water of about 18 degrees Celsius and that is more favorable to the M. 
aquaticum. 
• The pH tolerance of M. aquaticum is 7.25, while the pH tolerance of M. tuberculatum is 
about pH 6. That basically means that the red plant, M. tuberculatum requires higher pH 
than the other plant. In our experiment we kept the two plant species in the same aquaria 
and for this reason it was impossible to achieve the optimal pH for the two plants. We 
were trying to keep the pH of the water within narrow limits of 6 and 8.25, yet, that 
condition is more favorable to M. aquaticum. It is also important to notice that the pH of 
the water was not monitored on a daily basis and it was not always noted down. For that 
reason it is impossible to reveal if the pH of the water was too acidic or too basic for the 
plants. 
Next, some other contretemps that could have influenced on the quality of the results are 
summarized below: 
• The artificial light source was not distributing the light equally at the surface of the water. 
For that reason, individual plants in each aquarium were receiving different amounts of 
light and therefore they were getting different energy contents. 
• In our experiment, plants received light 16 hours during the day, and during the night time 
the light was off for 8 hours in order to make the conditions as real as possible. At night 
the Kelvin cycle, of the photosynthesis is active, but it is dependent on the product of the 
light reaction. We are not sure that 8 hour of darkness is optimal for our plants. 
• By keeping 10 to 12 plants in each aquarium, it was impossible to identify the parts of the 
plants that fell apart and therefore we couldn’t weigh them or connect them to their origin 
plant. 
• We are not sure if both plant species require equal amounts of nutrients, or perhaps one 
plant requires more than the other one. 
• The nutrients were given according to the guidance scheme of the plant growers. However, 
                                                                                      June 2006 
 
 
 
The Effect of Light Intensity on the Growth of M. Tuberculatum And M. Aquaticum. 
 
Page 45 of 45 
that may be not enough when having 10 to 12 plants in each aquarium. 
6.2.2 Quantitative errors and uncertainties 
Now we would like to discuss some of the errors and uncertainties that could have 
influenced the quantities in our results. 
• It was impossible to identify the parts of the plants that fell apart. 
• When we were measuring the weights of the plants, the plants were not totally dry. In fact, 
the content of water on plants was different every time when we were weighing them. In 
order to deal with that we standardize our method for drying the plants and weighing them, 
with attempt to reduce the mistake in that parameter. 
• When we weighted the plants in the last time we could see that they have all lost weight 
relatively to the time before. We assume that that might have an influence on the pigment 
concentration, thus it might have been better to stop the experiment and harvest the plants 
after 23 days. This could have yielded a series of clearer results.  
• Deviation of data points; when we come to graph the data points we could easily see that 
there are some data points, which behave unusually. We first tried to recover the data, and 
in cases it was impossible we didn’t use the specific point in our calculations. For 
example: M. Aquaticum No. 5 in aquarium 2 (LI 20,1 
sec
2mmol × ) showed this pattern: 
Plant Day 
0 
Day 
3 
Day 
6 
Day 
9 
Day 
13 
Day 
17 
Day 
20 
Day 
23 
Day 
27 
Comments 
GP5 1,65 1,38 1,73 2,35 2,25 1,82 2,09 1,98 1,95 Data not used
It is easy to notice the biomass difference between days 13 and 17; this is probably due to 
breakage of the plant or due to a measuring problem. Using this data for analysing the results 
would yield an error; therefore we chose not to use the data of this specific plant and others, 
which show the same behavior.  
• For graphing and analyzing our quantitative results we have used the computer program 
“MatLab 7” this program is widely used for mathematical modeling; however not 
everything can be accurately modeled using a mathematical function.  For example if we 
look at the graphs (5.11 and 6.2) of the saturation curve of growth rate versus light 
intensity, we can observe a very sharp increase in the growth rate of M. Aquaticum when 
the light intensity is zero. This is of course not something that can occur in reality. That is 
because “MatLab” need more data in the low light intensity in order to give more accurate 
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estimation.  
In general, due to some limitations and lack of experience we couldn’t run a perfect 
experiment. However we tried to minimize the errors during the process in order to increase the 
validity of our results. This would be discussed in the next part of this chapter.  
6.3 Validity of the results 
.in the previous part we have summed-up all the errors and uncertainties in our experiment 
which might had some impact on our results. Considering carefully all the errors and 
uncertainties and all our results, we can conclude that our results might not be valid as far as 
giving an accurate numerical estimation of the influence of light intensity on the pigment 
concentration in both plants, neither we can say accurately under what light intensity the M. 
tuberculatum is growing better than the M. Aquaticum. However, our results support our 
hypothesis in general lines. 
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7. Conclusion 
 
To conclude everything from above, we can say that our results are valid and they support 
our hypothesis, which says that under low light intensities the Myrioophyllum aquaticum would 
grow faster than Myriophyllum tuberculatum, while under the high light intensities it would be 
other way around.  
We can also conclude that the in Myriophyllum aquaticum the concentration of 
chlorophyll is higher than in the Myriophyllum tuberculatum. In both plants it is decreasing with 
the increase in the light intensity. However, at very high intensity of the light the chlorophyll 
concentration in M. tuberculatum would finally become higher than in the other plant. (That can 
be seen from the graph 5.12) That is exactly what our hypothesis claims. 
The concentration of anthocyanin per chlorophyll in the M. aquaticum is also decreasing 
under high light, while it is increasing in M. tuberculatum.  
We think that these three points mentioned above are due to the combination of the two 
following factors: first, the energy cost of producing anthocyanins and second the protective 
function of anthocyanins in M. tuberculatum.  
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8. Perspective 
 
As we stated in our conclusion we think that our results are valid. However, there are 
several things that could have been improved or investigated into further extent. In order to draw 
more accurate conclusion as far as numerical values, a more accurate experiment should be 
carried out.  
From our results and from the errors and uncertainties we come to the conclusion that the 
influence of more light intensities needs to be investigated, namely, a larger range of light 
intensities with smaller intervals.  
Further experiments can be conducted in order to research the decrease in the 
concentration of anthocyanins per chlorophyll in high light intensities in M. Aquaticum and in 
order to research the role of anthocyanins in green plants.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                      June 2006 
 
 
 
The Effect of Light Intensity on the Growth of M. Tuberculatum And M. Aquaticum. 
 
Page 49 of 49 
9. Bibliography 
Book list 
1. A. Carl Leopold, Paul E. Kriedeman, Plant growth and development, 2nd  Edition, McGraw-
Hill, Inc., 1975. 
2. Adir, Zer, Shuchat & Ohad, photoinhibition- a historical perspective Photosynthesis Research 
76, 343–370, 2003. (http://www.life.uiuc.edu/govindjee/Part2/31_Adir_etal.pdf) 
3. Allott A, Biology for the IB Diploma, Oxford University Press, 2001, New York. 
4. Bacon Ke , Photosynthesis: Photobiochemistry and Photobiophysics, Volume 10 in series 
“Advances in Photosynthesis and Respiration”. 
5. Campbell Neil, Jane Reece, Biology, 7th edition, Benjamin Cummings Publisher, 2005. 
6. Chang R, General chemistry the essential concepts, Fourth edition, The McGraw-Hill 
publication  
7. D.O. Hall, K. K. Rao, Photosynthesis, 6th Ed., Cambridge University Press,1999 
8. David W. Lawlor, Photosynthesis:  Molecular, Physiological and Environmental Processes,2nd 
Ed., Longman Scientific & Technical,1993. 
9. Feild T.S., Lee D.W. & Holbrook N.M. (2001) Why leaves turn red in autumn. The role of 
anthocyanins in senescing leaves of red-osier dogwood. Plant Physiology, 127, 566-574. 
10. Jespersen A.M. & Christoffersen K. (1987): Measurements of chlorophyll-a from 
phytoplankton using ethanol as extraction solvent. Arch. Hydrobiol, 109: 445-454 
11. K.S. Gould, D. W. Lee, Advances in Botanical research, Volume 37, Anthocyanins in Leaves, 
Academic Press, 2002 
12. Kevin Davis, Plant pigments and their manipulation-Annual Plant Review, Volume 14, 
Blackwell Publishing, 2004. 
13. Lindell M & Tranvik L, “Methods in microbial ecology”, Department of Ecology, Limnology, 
University of Lund, 1994. (Available on the net 11/6/06 on: 
http://www.ebc.uu.se/limno/research/mirco/methods/micromethods.pdf ) 
14. Osmond C.B. (1994) What is photoinhibition? Some insights from comparisons of shade and 
sun plants. In: Photoinhibition of photosynthesis from molecular mechanisms to the field (eds 
N.R. Baker & J.R. Bowyer), pp. 1-24. BIOS Scientific Publishers, Oxford. 
                                                                                      June 2006 
 
 
 
The Effect of Light Intensity on the Growth of M. Tuberculatum And M. Aquaticum. 
 
Page 50 of 50 
15. Pietrini F., Iannelli M.A. & Massacci A. (2002) Anthocyanin accumulation in the illuminated 
surface of maize leaves enhances protection from photo-inhibitory risks at low temperature, 
without further limitation to photosynthesis. Plant, Cell and Environment, 25, 1251-1259. 
16. R.K. Sinha, Modern Plant Physiology, Alpha Science International Ltd, 2004 
17. V.S. Rama Das, Photosynthesis-regulation under Varying Light Regimes, Science publishers, 
Inc., 2004 
 
 
 Internet sources 
1. http://en.wikipedia.org/wiki/Plants 
2. http://plants.usda.gov/java/profile?symbol=MYAQ2 
3. http://en.wikipedia.org/wiki/Water_milfoil 
4. http://www.ecy.wa.gov/programs/wq/plants/weeds/parrot.html  
5. http://en.wikipedia.org/wiki/Water_milfoil   
6. http://www.tropica.com/go.asp?plant=037&languageguid=DA  
7. http://scifun.chem.wisc.edu/chemweek/chlrphyl/chlrphyl.html 
8. http://omlc.ogi.edu/spectra/PhotochemCAD/html/chlorophyll-b.html 
9. http://en.wikipedia.org/wiki/Anthocyanin 
10. http://www.bookrags.com/sciences/biology/cells-plsc-01.html  
11. http://www.friedli.com/herbs/phytochem/flavonoids.html 
12. www.physics.uoguelph.ca/~pgarrett/Teaching.html, Lecture 21 
13. An online biology book, Photosynthesis, by Estrella Mountain Community    College, in 
sunny Avondale, Arizona 
14. http://www.emc.maricopa.edu/faculty/farabee/BIOBK/BioBookPS.html  
15. Determi PIETRINI, IANNELLI & MASSACCI, “Anthocyanin accumulation in the 
illuminated surface of maize leaves enhances protection from photo-inhibitory risks at 
low temperature, without further limitation to photosynthesis”, © 2002 Blackwell 
Publishing Ltd, Plant, Cell and Environment, 25, 1251–1259] (Available on the net 
11/6/06 at:  
http://www.blackwell-synergy.com/doi/pdf/10.1046/j.1365-3040.2002.00917.x?cookieSet=1 
                                                                                      June 2006 
 
 
 
The Effect of Light Intensity on the Growth of M. Tuberculatum And M. Aquaticum. 
 
Page 51 of 51 
16. Nation of total anthocyanins (colour) in red grape berries, Australian Wine Research 
Institute Cooperative Research Centre for Viticulture, 2006, (Available on the net 11/6/06 
at: 
http://www.crcv.com.au/resources/Wine%20Colour%20and%20Flavour/Posters/Industry
%20standard%20method%20for%20determining%20total%20anthocyanins%20in%20re
d%20grapes.pdf 
17. http://www.osram.no/brosjyrer/english/K01KAP2_en.pdf 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                      June 2006 
 
 
 
The Effect of Light Intensity on the Growth of M. Tuberculatum And M. Aquaticum. 
 
Page 52 of 52 
Appendix 1 
 Change in the biomass of the plants under different light conditions. 
In tables 1–10, we show the experimental notes of the biomass of each plant in ten aquariums. 
The following abbreviation is being used: 
• LI – stands for the light intensity. 
• GP – corresponds to the green plant Myriophyllum aquaticum. 
• RP – corresponds to the red plant Myriophyllum tuberculatum. 
• Numbers 1-6 indicates the number of the plant. The numbering system is used in order to 
distinguish between different individuals of the plants. 
The data shaded column were not used in the calculations of average biomass of plants in each 
aquarium 
Table 1: (LI = 20.1 mol m2 sec-1) 
 
 Day 1 Day 3 Day 6 Day 9 Day 13 Day 17 Day 20 Day 23 Day 27
GP1 1.50 1.58 1.65 2.13 1.96 1.82 1.93 1.89 1.77 
GP2 1.27 1.31 1.45 2.08 1.86 1.64 1.89 1.88 1.90 
GP3 1.45 1.49 1.53 2.01 2.18 1.73 1.94 1.82 1.83 
GP4 1.14 1.20 1.27 1.83 1.55 1.39 1.56 1.41 1.48 
GP5 1.65 1.38 1.73 2.35 2.25 1.86 2.09 1.98 1.95 
GP6 --- --- --- --- --- --- --- --- --- 
          
RP1 1.50 1.56 1.65 2.07 1.83 1.73 1.84 1.62 1.58 
RP2 1.76 1.86 1.98 2.40 2.55 2.14 2.48 2.29 2.24 
RP3 2.61 2.70 2.91 3.40 3.26 3.21 3.52 3.31 3.25 
RP4 2.45 2.54 2.66 3.15 3.02 2.97 2.95 3.07 2.97 
RP5 2.46 2.47 2.41 2.95 2.64 2.26 2.37 2.43 2.29 
RP6 1.78 1.84 1.68 2.12 2.20 1.67 1.89 1.65 1.76 
 
Table 2: (LI = 41.6 mol m2 sec-1) 
 
 Day 1 Day 3 Day 6 Day 9 Day 13 Day 17 Day 20 Day 23 Day 27
GP1 1.29 1.43 1.48 1.82 1.87 1.67 1.80 1.81 1.73 
GP2 1.18 1.32 1.37 1.73 1.77 1.38 1.47 1.55 1.39 
GP3 1.30 1.30 1.41 1.76 1.71 1.53 1.66 1.63 1.65 
GP4 1.62 1.69 1.77 2.42 2.19 2.04 2.24 2.16 1.95 
GP5 1.03 1.11 1.17 1.64 1.30 1.10 1.17 1.22 1.18 
GP6 --- --- --- --- --- --- --- --- --- 
          
RP1 1.20 1.33 1.39 1.78 1.73 1.28 1.39 1.33 1.22 
RP2 1.61 1.84 1.94 2.30 2.14 1.88 2.09 2.00 2.01 
RP3 1.24 1.34 1.36 1.57 1.71 1.32 1.54 1.50 1.36 
RP4 1.86 2.02 2.01 2.23 2.37 2.06 2.30 2.20 2.19 
RP5 1.71 1.65 1.56 1.89 1.63 1.34 1.46 1.25 1.14 
RP6 2.25 2.37 2.58 3.33 2.86 2.36 2.83 2.64 2.51 
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Table 3: (LI = 55.6 mol m2 sec-1) 
 
 Day 1 Day 3 Day 6 Day 9 Day 13 Day 17 Day 20 Day 23 Day 27
GP1 1.19 1.20 1.31 1.28 1.42 1.33 1.43 1.45 1.16 
GP2 1.11 1.12 1.25 1.20 1.29 1.26 1.30 1.36 1.10 
GP3 0.93 0.86 0.96 0.90 1.00 0.79 0.83 0.88 0.71 
GP4 1.68 1.73 1.81 1.78 2.00 1.86 1.90 1.88 1.68 
GP5 2.56 2.43 2.75 2.80 3.04 2.82 2.99 3.54 2.72 
GP6 --- --- --- --- --- --- --- --- --- 
          
RP1 1.86 1.81 2.06 1.92 2.12 2.10 2.12 2.11 1.84 
RP2 1.31 1.43 1.51 1.47 1.57 1.48 1.62 1.48 1.29 
RP3 2.85 1.86 1.99 1.88 2.07 2.07 2.16 2.18 2.11 
RP4 1.41 1.36 1.57 1.44 1.55 1.49 1.58 1.57 1.32 
RP5 1.76 1.78 2.00 1.89 2.08 2.03 1.63 1.64 1.46 
RP6 --- --- --- --- --- --- --- --- --- 
 
Table 4: (LI = 70 mol m2 sec-1) 
 
 Day 1 Day 3 Day 6 Day 9 Day 13 Day 17 Day 20 Day 23 Day 27
GP1 1.67 1.85 1.96 1.82 2.02 1.97 2.08 2.13 1.81 
GP2 1.50 1.70 1.78 1.60 1.82 1.74 1.34 1.70 1.57 
GP3 0.82 0.91 0.99 0.93 1.02 1.03 1.13 1.16 0.97 
GP4 1.16 1.28 1.36 1.39 1.53 1.48 1.72 1.54 1.35 
GP5 0.80 0.94 0.92 0.87 0.97 0.95 0.98 1.04 0.90 
GP6 --- --- --- --- --- --- --- --- --- 
          
RP1 1.86 1.85 2.16 2.16 2.27 2.23 2.34 2.37 2.11 
RP2 2.63 2.66 2.68 2.69 2.66 2.58 2.18 2.69 2.45 
RP3 1.30 1.12 1.05 1.14 1.23 1.27 1.46 1.30 1.24 
RP4 1.59 1.78 1.80 1.83 1.99 1.99 2.49 2.24 1.96 
RP5 1.58 1.74 1.86 1.88 1.86 1.92 1.75 1.90 1.81 
RP6 --- --- --- --- --- --- --- --- --- 
 
Table 5:(LI = 75.5 mol m2 sec-1) 
 
 Day 1 Day 3 Day 6 Day 9 Day 13 Day 17 Day 20 Day 23 Day 27
GP1 1.39 1.32 1.65 1.85 1.69 1.62 1.83 2.19 1.71 
GP2 1.19 1.07 1.30 1.64 1.33 1.29 1.41 1.41 1.37 
GP3 1.37 1.25 1.46 1.78 1.46 1.44 1.56 1.57 1.34 
GP4 1.20 1.07 1.25 1.38 1.26 1.20 1.30 1.25 1.14 
GP5 1.50 1.43 1.78 2.19 1.74 1.73 1.87 2.05 1.71 
GP6 --- --- --- --- --- --- --- --- --- 
          
RP1 1.57 1.56 1.80 1.96 1.83 1.75 1.81 1.90 1.79 
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RP2 2.37 2.45 2.58 2.60 2.52 2.89 2.22 2.19 1.97 
RP3 2.59 2.43 2.87 3.35 3.05 2.94 3.27 2.95 2.81 
RP4 2.34 2.48 2.57 2.72 2.38 2.25 2.42 2.32 1.97 
RP5 1.47 1.58 1.73 1.92 1.80 1.76 1.58 1.91 1.63 
RP6 --- --- --- --- --- --- --- --- --- 
 
Table 6: (LI = 97.9 mol m2 sec-1 ) 
 
 Day 1 Day 3 Day 6 Day 9 Day 13 Day 17 Day 20 Day 23 Day 27
GP1 1.84 2.04 2.08 2.13 2.51 2.19 2.42 2.20 2.23 
GP2 0.95 1.08 1.09 0.94 1.03 1.03 1.13 0.93 0.95 
GP3 1.23 1.27 1.33 1.36 1.80 1.65 1.74 1.53 1.73 
GP4 1.33 1.42 1.46 1.47 1.58 1.59 1.70 1.63 1.59 
GP5 1.32 1.26 1.51 1.64 1.76 1.73 1.82 1.73 1.79 
GP6 --- --- --- --- --- --- --- --- --- 
          
RP1 1.83 2.04 2.21 2.32 2.49 2.68 2.68 2.15 2.21 
RP2 3.44 2.92 2.87 3.01 3.43 3.12 3.72 3.35 3.40 
RP3 3.85 3.40 3.37 3.45 3.45 3.50 3.38 2.72 2.87 
RP4 2.86 3.00 3.13 3.28 3.69 3.23 3.36 3.07 2.69 
RP5 1.75 1.64 1.65 1.75 1.97 2.14 2.27 2.02 2.14 
RP6 --- --- --- --- --- --- --- --- --- 
 
Table 7: (LI = 111.9 mol m2 sec-1) 
 
 Day 1 Day 3 Day 6 Day 9 Day 13 Day 17 Day 20 Day 23 Day 27
GP1 1.59 1.74 1.78 2.01 1.97 2.12 2.31 2.01 2.10 
GP2 1.03 0.98 1.11 1.24 1.18 1.19 1.32 1.13 1.12 
GP3 1.08 1.15 1.21 1.44 1.25 1.22 1.35 1.14 1.18 
GP4 1.30 1.29 1.48 1.75 1.61 1.68 1.79 1.67 1.66 
GP5 1.03 1.04 1.04 1.25 1.10 1.13 1.23 1.05 1.09 
GP6 1.12 1.07  1.24 1.36 1.33 1.37 1.53 1.25 1.35 
          
RP1 1.56 1.62 1.76 2.07 1.88 1.84 2.02 1.64 1.75 
RP2 1.21 1.27 1.37 1.47 1.47 1.47 1.68 1.47 1.49 
RP3 1.95 2.11 2.14 2.26 2.04 2.09 2.24 1.71 1.78 
RP4 3.28 2.93 2.89 3.50 2.92 3.09 3.29 3.17 3.18 
RP5 1.71 1.84 1.93 2.25 2.17 2.22 2.47 1.94 1.92 
RP6 --- --- --- --- --- --- --- --- --- 
 
Table 8: (LI = 113.2 mol m2 sec-1) 
 
 Day 1 Day 3 Day 6 Day 9 Day 13 Day 17 Day 20 Day 23 Day 27
GP1 1.31 1.33 1.47 1.55 1.69 1.63 1.88 1.88 1.81 
GP2 1.19 1.27 1.38 1.44 1.56 1.51 1.68 1.71 1.54 
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GP3 1.50 1.47 1.67 1.64 1.78 1.69 2.01 1.90 1.78 
GP4 1.41 1.32 1.58 1.51 1.60 1.59 1.67 1.81 1.69 
GP5 1.31 1.35 1.46 1.45 1.49 1.48 1.58 1.74 1.47 
GP6 --- --- --- --- --- --- --- --- --- 
          
RP1 2.13 2.01 2.31 2.33 2.42 2.41 2.53 2.49 2.49 
RP2 1.61 1.67 1.85 1.69 1.95 1.97 2.08 2.11 1.99 
RP3 2.20 2.20 2.48 2.32 2.58 2,64 2.92 2.84 2.64 
RP4 2.29 2.07 2.45 2.23 2.31 2.17 2.26 2.19 2.11 
RP5 1.88 1.89 2.35 2.02 2.11 2.14 2.23 2.30 2.25 
RP6 --- --- --- --- --- --- --- --- --- 
 
Table 9: (LI = 138.6 mol m2 sec-1) 
 
 Day 1 Day 3 Day 6 Day 9 Day 13 Day 17 Day 20 Day 23 Day 27
GP1 0.83 0.92 0.99 1.12 1.33 1.22 1.17 1.19 1.05 
GP2 1.56 1.77 1.90 2.05 2.40 2.13 2.26 2.45 2.14 
GP3 1.14 1.20 1.30 1.44 1.66 1.48 1.53 1.67 1.61 
GP4 1.18 1.33 1.35 1.57 1.74 1.50 1.58 1.72 1.37 
GP5 1.84 1.91 2.00 2.25 2.51 2.27 2.30 2.53 2.51 
GP6 1.63 1.70 1.76 1.98 2.54 2.01 2.14 2.19 2.33 
          
RP1 1.57 1.72 1.80 2.07 2.10 1.98 1.74 1.63 1.64 
RP2 2.90 3.10 3.20 3.39 3.61 3.37 3.70 3.47 3.16 
RP3 2.38 2.51 2.70 2.96 3.30 3.09 3.89 3.02 3.21 
RP4 1.60 1.75 1.86 2.10 2.20 2.25 2.59 2.27 2.13 
RP5 1.24 1.42 1.53 1.71 1.79 1.86 2.15 2.02 2.07 
RP6 1.62 1.71 1.79 1.94 2.02 1.94 1.99 1.99 1.96 
 
Table 10: (LI =151.4 mol m2 sec-1) 
 
 Day 1 Day 3 Day 6 Day 9 Day 13 Day 17 Day 20 Day 23 Day 27
GP1 1.07 0.87 0.95 1.09 1.06 1.11 1.12 1.22 1.07 
GP2 1.19 1.05 1.17 1.42 1.31 1.37 1.39 1.33 1.18 
GP3 0.67 0.69 0.75 0.88 0.84 0.88 0.87 0.87 0.80 
GP4 0.95 0.86 1.03 1.16 1.07 1.11 1.11 1.15 1.09 
GP5 0.82 0.82 0.87 1.03 0.99 1.08 1.08 1.19 1.00 
GP6 --- --- --- --- --- --- --- --- --- 
          
RP1 1.07 1.15 1.33 1.41 1.45 1.45 1.47 1.45 1.47 
RP2 2.14 1.68 2.03 2.13 2.21 2.14 2.09 2.12 2.03 
RP3 2.20 2.40 2.54 2.83 2.86 2.87 2.76 2.84 2.66 
RP4 2.07 1.93 2.26 2.50 2.57 2.51 2.24 2.18 2.27 
RP5 2.84 2.40 2.85 3.03 3.09 3.01 3.11 3.14 3.00 
RP6 --- --- --- --- --- --- --- --- --- 
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Appendix 2 
 
Table 11: Light intensity values used in the experiment measured in moles of protons per 
square per second. 
 
No. 1 2 3 4 5 6 7 8 9 10 
Light intensity values 20,1 41,6 55,6 70 75,5 97,9 111,9 113,2 138,6 151,4
 
Table 12: Average biomass per plant.  
 
Light 
intensity 
Plant 
type 
Day  
0 
Day 
3 
Day 
6 
Day 
9 
Day 
13 
Day 
17 
Day 
20 
Day 
23 
Day 
27 
M.A 1,34  1,395  1,475 2,013 1,888 1,645 1,83 1,75 1,74520,1 
mol*m2*sec-1 M.T 2,08 2,165 2,3 2,755 2,665 2,513 2,698 2,5725 2,51 
M.A 1,284 1,37 1,44 1,874 1,768 1,544 1,668 1,674 1,58 41,6 
mol*m2*sec-1 M.T 1,645 1,758 1,807 2,183 2,492 2,048 2,322 2,184 2,086
M.A 1,494 1,468 1,616 1,592 1,75 1,612 1,69 1,822 1,47455.6 
mol*m2*sec-1 M.T 1,838 1,648 1,826 1,72 1,878 1,834 1,822 1,796 1,604
M.A 1,217 1,346 1,437 1,38 1,524 1,494 1,643 1,61 1,37770 
mol*m2*sec-1 M.T 1,677 1,79 1,94 1,957 2,04 2,047 2,193 2,17 1,96 
M.A 1,33 1,228 1,488 1,768 1,496 1,456 1,594 1,694 1,45475.5 
mol*m2*sec-1 M.T 1,793 1,873 2,033 2,2 2,003 1,92 1,937 2,043 1,797
M.A 1,2 1,253 1,353 1,35 1,457 1,45 1,55 1,43 1,44397.9 
mol*m2*sec-1 M.T 1,79 1,84 1,93 2,035 2,23 2,41 2,475 2,085 2,175
M.A 1,192 1,212 1,31 1,508 1,407 1,452 1,588 1,375 1,417111.9 
mol*m2*sec-1 M.T 1,493 1,577 1,687 1,93 1,84 1,843 2,057 1,683 1,72 
M.A 1,344 1,348 1,512 1,518 1,624 1,58 1,764 1,808 1,658113.2 
mol*m2*sec-1 M.T 2,022 1,96 2,288 2,118 2,274 2,266 2,404 2,386 2,296
M.A 1,363 1,472 1,55 1,735 2,03 1,768 1,83 1,958 1,835138.6 
mol*m2*sec-1 M.T 1,508 1,65 1,745 1,955 2,0275 2,008 2,118 1,9775 1,95 
M.A 0,813 0,79 0,883 1,023 0,967 1,023 1,02 1,07 0,963151.4 
mol*m2*sec-1 M.T 2,064 1,912 2,202 2,38 2,436 2,396 2,334 2,346 2,286
                                                                                      June 2006 
 
 
 
The Effect of Light Intensity on the Growth of M. Tuberculatum And M. Aquaticum. 
 
Page 57 of 57 
Table 13:  Weight of powder used for the pigment extraction. 
For example: the number at No. 5 raw, in the “Green A” column, is the number of 
milligrams of powder from aquarium number 5, (light intensity 70 mol*m2*sec-1), we used in 
order to extract Anthocyanins. The concentration of the pigments which is given in the shadowed 
columns is in units of: [
DryWeight
lChlorophyl
g
mg
] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tabel 14: Results of chlorophyll extraction.  
The sample number with *, means that we had to dilute that sample by 50%. The samples number with **, 
means that we had to dilute that samples twice by 50%. 
 
 
Myriophyllum tuberculatum Myriophyllum aquaticum 
Sample L.  Intensity A665 A750 
Conc. 
(mg/g) Sample
L.  
Intensity A=665 A=750 
Conc. 
(mg/g)
1 41,6 0,757 0,027 0.0425 1** 41,6 0,465 0,029 0.1006
2 20,1 0,551 0,046 0.0293 2* 20,1 0,716 0,069 0.0737
3 138,6 0,593 0,07 0.0313 3* 138,6 0,443 0,049 0.4714
4 97,9 0,535 0,046 0.0281 4* 97,9 0,489 0,062 0.4956
5* 70 0,49 0,03 0.0530 5* 70 0,702 0,021 0.0797
6* 111,9 0,551 0,072 0.0551 6* 111,9 0,6 0,061 0.0619
7* 151,4 0,46 0,036 0.0486 7* 151,4 0,547 0,069 0.0563
8* 75,5 0,649 0,03 0.0721 8** 75,5 0,462 0,029 0.1021
9* 113,2 0,659 0,046 0.0715 9* 113,2 0,788 0,033 0.0877
10** 55,6 0,601 0,066 0.1230 10** 55,6 0,45 0,053 0.0937
 
 
Sample 
marking 
Green A 
(anthocyanin) 
Green C 
(chlorophyll)
Red A 
(anthocyanin) 
Red C 
(chlorophyll) 
No.1 102.9 mg 103.9 mg 103.0 mg 103.0 mg 
No.2 102.0 mg 103.8 mg 103.3 mg 103.3 mg 
No.3 100.3 mg 100.2 mg 100.5 mg 100.2 mg 
No.4 104.0 mg 103.3 mg 104.5 mg 104.2 mg 
No.5 103.6 mg 102.4 mg 105.7 mg 104.1 mg 
No.6 102.7 mg 104.3 mg 103.6 mg 104.2 mg 
No.7 100.4 mg 101.7 mg 101.5 mg 104.6 mg 
No.8 103.5 mg 101.7 mg 104.4 mg 102.9 mg 
No.9 105.3 mg 103.2 mg 103.8 mg 102.8 mg 
No.10 101.5 mg 101.5 mg 101.7 mg 104.3 mg 
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Table 15:  The concentration of anthocyanins. 
 
Myriophyllum tuberculatum Myriophyllum aquaticum 
Sample 
L.  
Intensity A520 
Conc 
(mg/g) Sample L.  Intensity A520 
Conc 
(mg/g) 
1 41,6 0,401 0,108305 1 41,6 0,582 0,157344
2* 20,1 0,827 0,445428 2 20,1 0,686 0,187097
3* 138,6 0,771 0,426836 3 138,6 0,736 0,204136
4* 97,9 0,63 0,335426 4 97,9 0,625 0,167182
5* 70 0,821 0,432156 5 70 0,811 0,219681
6* 111,9 0,611 0,328136 6 111,9 0,328 0,088675
7* 151,4 0,63 0,34534 7 151,4 0,311 0,086173
8 75,5 0,979 0,26087 8 75,5 0,967 0,259914
9* 113,2 0,573 0,307136 9 113,2 0,408 0,107789
10 55,6 0,854 0,233604 10 55,6 0,387 0,106069
* The sample was diluted by 50%. 
 
 
Table 16:  The average change in % of biomass per day (average growth rate).  
 
 
Light 
intensity* 
20,1 41,6 55,6 70 75,5 97,9 111,9 113,2 138,6 154,4
Biomass 
change. 
M. 
Aquaticum 
1.610 
% 
1.349 
% 
0.280 
% 
0.703 
% 
0.996 
% 
0.734 
% 
0.856 
% 
0.999 
% 
1.419 
% 
0.922 
% 
Biomass 
Change 
M. 
Tuberculatum 
1.011 
% 
1.325 
% 
-0.43 
% 
0.762 
% 
0.362 
% 
0.689 
% 
0.778 
% 
0.586 
% 
1.130 
% 
0.518 
% 
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Table 17:  Technical information about the lamps. 
 
 W V Luminous 
flux(lm) 
Length(nm) Light property Color 
Temperature 
L36 w/11-860 26 12 3250 1200 Daylight  3300 
L36 w/21-840 36 12 3350 1200 Cool white 4000 
IRC halogen lamps 35 12 25 45 Warm light 3100 
 
 
